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Fig. 6. Proposed models for feed drive mechanism of each axis. 
X-axis feed drive mechanism is modeled as a 2 DOF 
system with the axial stiffness as shown in Figure 6 (a). It had 
already been confirmed that the model can accurately simulate 
the motion errors [14]. Y- and Z-axis are modeled as a 4 DOF 
model as shown in the figure (b) since the axes are driven by a 
couple of motors and ball screws. This model considers 
rotational angles of both motors and translational and yaw 
motion of the driven part. Two rotary axes, B- and C-axis are 
modeled as 1 DOF model shown in the figures (c) and (d), 
because of the rotary axes are drive by DD motors. Since the 
B-axis is influenced from the gravity, moment due to the 
gravity force is considered into the B-axis model. The 
parameters such as inertia, mass and stiffness can be 
calculated from the designed drawing and specification data. 
However, the parameters on the friction and dumping cannot 
be calculated. These parameters are identified through by 
matching the measured and simulated motor torque curves 
during the motion [14].  
Figure 7 shows the block diagram of servo control system 
of each axis drives. The system has typical P and PI 
controllers for position and velocity controllers, respectively. 
The output signal from the velocity controller is inputted to 
the dynamics model shown in Figure 6 as the motor torques. 
The simulated rotational angles of motors are feed backed into 
the servo controller model from the dynamics model. Kpp is 
the proportional gain of position loop, Kvp is the proportional 
gain of velocity control loop, and Ti is the integral time of 
velocity control loop. These parameters are determined based 
on the set values in NC controller. The backlash compensator 
is also introduced into the servo control system model. All 
simulations are carried out using MATLAB Simulink.  
Fig. 7. Block diagram of servo control system. 
3.3. Machined surface simulation 
The tool posture; tool center point (TCP) and the tool 
orientation in the table coordinate system can be obtained by 
the forward kinematics calculation from the simulated 
positions and angles of each axis. The obtained trajectory of 
TCP and orientation indicates the trajectory and orientation of 
the tool center line.  
Figure 8 shows the schematic drawing of the proposed 
machined surface simulation method. In the proposed method, 
the interval of TCP data is determined as the same with the 
feed per flutes on the machined surface. The trajectories of 
cutting edges can approximately be defined as the circle with 
the center of the TCP data as shown in Figure 8. The 
intersection points of the circle arcs which represent the 
cutting edge trajectories can be obtained from the TCP data 
and tool diameter. This result represents the machined surface 
Fig. 8. Schematic drawing of machined surface simulation. 
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Fig. 12. Schematic drawing of influence of Z-axis motion error. 
In the figure, upper graphs represent the enlarged motion 
error around the each changing point, and lower figures 
represent the machined surfaces. In the pictures of the 
machined surface, solid lines are appended onto the tool marks 
in order to make clear the marks.  
It is clear from the figures that the interval of the tool 
marks are changed around the stepwise motion errors, except 
the motion direction of Z-axis is changed. These disturbed tool 
marks can be observed as the glitches on the machined surface. 
It also can be seen that the proposed simulation method for 
machined surface can adequately predict the influence of 
motion error onto the machined surface.  
Figure 12 describes the influence of Z-axis motion error 
onto the ball bar length and machined surface. Since the 
sensitive direction of ball bar is set to parallel with the bottom 
surface of the workpiece, the ball bar length is influenced 
from the Z-axis motion error as shown in the figure. On the 
other hand, since the side line of end mill is parallel to both of 
Z-axis and machined surface, the motion error along Z-axis 
cannot be copied onto the machined surface in case of the 
peripheral milling by square end mills. This fact is the reason 
why the disturbed tool marks cannot be observed around the 
point of motion direction of Z-axis change, as shown in Figure 
11 (c). It is expected, of course, that the Z-axis motion errors 
influences the machined surface if the tool is tilted in the 
universal head type machine tools.  
It can be said from the results that the proposed simulation 
method for machined surface can adequately predict the 
influence of motion error onto the machined surface, and the 
Z-axis motion error does not affect the machined surface in 
case of the peripheral milling with square end mills using table 
tilt type machine tools.  
5. Conclusions 
In this study, a simulation method for the machined surface 
which can consider the dynamic behaviors of the axes is 
proposed, and cutting test has been also carried out. The 
conclusions can be summarized as follows:  
1) The proposed simulation method for machined surface 
can adequately predict the influence of motion error onto 
the machined surface  
2) The Z-axis motion error does not affect the machined 
surface in case of the peripheral milling with square end 
mills using table tilt type machine tools.  
The authors will try to develop a simulation method which 
can simulate the other factors, such as tool deformations and 
structural vibrations of the machine tools.  
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